Objective(s): Activation of acid-sensing ion channel 1a (ASIC1a) is responsible for tissue injury caused by acidosis in nervous systems. But its physiological and pathological roles in nucleus pulposus cells (NPCs) are unclear. The aim of this study is to investigate whether ASIC1a regulates the survival of NPCs in the acidic environment of degenerated discs. Materials and Methods: NPCs were isolated and cultured followed by immunofluorescent staining and Western-blot analysis for ASIC1a. Intracellular calcium ([Ca 2+ ]i) was determined by Ca 2+ -imaging using Fura-2-AM. Cell necrosis, apoptosis, and senescence following acid exposure were determined using lactate dehydrogenase (LDH) release assay, annexin V-fluorescein isothiocyanate/propidium iodide dual-staining and cell cycle analysis, respectively, followed by Western-blot analysis for apoptosis-related proteins (Bax, Bcl-2, and caspase-3) and senescencerelated proteins (p53, p21, and p16). Effects of treatment with psalmotoxin-1 (PcTX1, blocker of ASIC1a) on [Ca 2+ ]i and cell survival were investigated. Results: ASIC1a was detected in healthy NPCs, and its expression was significantly higher in degenerated cells. When NPCs were treated with PcTX1, acid-induced increases in [Ca 2+ ]i were significantly inhibited. PcTX1 treatment also resulted in decreased LDH release, cell apoptosis and cell cycle arrest in acid condition. Acid exposure decreased the expression of Bcl-2 and increased the expression of Bax, cleaved caspase-3 and senescence-related proteins (p53, p21, and p16), which was inhibited by PcTX1.
Introduction
Low back pain (LBP) is one of the most debilitating conditions, resulting in substantial socioeconomic and health-care consequences (1) . The most frequent cause of LBP is lumbar intervertebral disc degeneration (IVDD) (2) . Various biological therapies, including growth factor injection, cell transplantation, and gene therapy, have attempted to prevent or to reverse disc degenerative process (3) . Among these therapies, increasing the number of functional nucleus pulposus cells (NPCs) can be a key to rebuilding the function of IVD (4) . However, the biochemical and biophysical changes in a degenerated IVD will present a harsh microenvironment for both the endogenous and transplanted cells.
The disc microenvironment is characterized by low pH, reduced oxygen supply, and reduced nutriation as well as high osmolarity (5) . Wuertz et al (5) previously demonstrated that the most challenging chemical condition in this microenvironment is matrix acidity, which has a potentially negative effect on cell viability and function. Several factors contribute to the acidic pH. Firstly, the anaerobic glycolysis of NPCs and the slow diffusion of lactic acid across dense matrix result in elevated acidity in the disc (5) (6) (7) (8) . Secondly, negatively charged proteoglycans attract large amounts of cations, such as H + ions, creating a low pH environment (9, 10) . Thirdly, pro-inflammatory cytokines in thedegene-rated disc increase the rate of lactic acid production markedly (9, (11) (12) (13) . These mechanisms are all thought to maintain the extracellular environment in the normal IVD at pH 7.0-7.2 (9, 14) . However, in seriously degenerated discs, the pH usually reduces to 6.5, although values as low as 5.5-5.6 have been reported for diseased tissue removed at surgery (15, 16) .
Acid-sensing ion channels (ASICs) are H + -gated voltage-insensitive ion channels and belong to the degenerin/epithelial Na + channel superfamily. The ASIC family has six subunit proteins (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4) that are encoded by four genes (ASIC1, ASIC2, ASIC3, and ASIC4). Homomeric ASIC1a is Na + and Ca 2+ permeable, whereas other combinations are only permeable to Na + (17) (18) (19) . ASICs are the primary acid sensors in the neurons of the mammalian central and peripheral nervous systems and are involved in physiologic and pathologic processes (20) . Activation of Ca 2+ -permeable ASIC1a is responsible for acidosismediated ischemic brain injury caused by Ca 2+ influx in neurons (21) . Intracellular Ca 2+ ([Ca 2+ ]i) represents a prevalent signaling mechanism and is involved in processes such as cell division and injury (22) . Evidence indicates that the ASIC subunit proteins are also associated with physiologic and pathologic processes in a diverse range of species and cell types. An excessive accumulation of cytosolic Ca 2+ may also trigger apoptosis in chondrocytes (14) .
However, it is uncertain whether ASIC1a mediates directly Ca 2+ influx and increased [Ca 2+ ]i in human NPCs. It is also uncertain whether ASIC1a contributes to NPCs injury through an acidosis-evoked increase in [Ca 2+ ]i. Therefore, the aim of the present study was to confirm if ASIC1a could alter [Ca 2+ ]i, and whether ASIC1a activation regulated the survival of NPCs in the acidic environment of degenerated discs.
Materials and Methods

Patient samples
Degenerated human IVDs were obtained from patients receiving surgical procedures for treatment of LBP due to IVDD (Table 1) . The IVDD was measured as grade III (6 donors), IV (19 donors), and V (9 donors) according to the Pfirrmann scale of IVDD (23) . In addition, ten patients (8 males and 2 females; age range 51-63 years; L1-L2=5, L2-L3=2, L3-L4=2, L4-L5=1) with acute spine damage but without IVDD according to the Pfirrmann scale were also included as the healthy cases. The IVDs were collected and divided into several segments containing only NP tissue and kept in sterile tubes.
All of the tissues used in this study were obtained in compliance with Chinese Law and the guidelines of the Helsinki Declaration II.
Isolation and culture of NPCs
NP tissues obtained from the 44 patients were digested using collagenase II at a concentration of 0.2% for 6 hr. The isolated NPCs were harvested and grown in Dulbecco's modified Eagle's medium with low glucose (DMEM-LG; Gibco, USA), supplemented with 10% (v/v) fetal bovine serum (FBS; Wisent Inc., Canada) and incubated at 37 °C in a humidified atmosphere with 5% CO2 with regular replenishment of medium every three days. When they reached 80-90% confluence, the cells were sub-cultured using 0.25% trypsin/0.02% ethylenediaminetetraacetate (EDTA; Gibco, USA) and designated passage 1 (P1).
Toluidine blue staining
After being fixed in 4% paraformaldehyde for 20 min, NPCs on poly-L-lysine-coated coverslips were stained with 1% toluidine blue staining for 4 hr and were rinsed with distilled water. The samples were observed using a microscope (Olympus, Japan).
Exposure of NPCs to low pH
Culture media with different pH levels were prepared by adding an appropriate amount of sterilized HCl (1 mol/l) and NaOH (1 mol/l) into DMEM and monitoring using a commercial pH microelectrode (Thermo, USA). Four media were prepared at pH 7.4 (standard condition), pH 7.0 (representing the normal IVD), pH 6.5 (mildly degenerated IVD), and pH 6.0 (severely degenerated IVD). The medium and the cells were harvested 24 hr after exposure to different conditions.
Western blot analysis
NPCs were rinsed with ice-cold phosphate buffered saline (PBS) and lysed in lysis buffer containing a mixture of protease inhibitors. Total protein was extracted from six samples and protein content was quantified using a bicinchoninic acid quantification kit (Thermo, USA). Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto polyvinylidene fluoride membranes (Millipore, USA), and blocked for 1 hr with 5% (w/v) bovine serum albumin in Tris-buffered saline-0.1% Tween. After blocking, membranes were incubated with rabbit anti-ASIC1a (1:500, Alomone Labs, Israel), anti-Bcl-2 (1:500, Abcam, UK), anti-Bax (1:500, Abcam, UK), anticaspase-3 (1:200, Abcam, UK), anti-p53 (1:1000, Abcam, UK), anti-p21 (1:1000, Abcam, UK), anti-p16 (1:1000, Abcam, UK), and anti-α-tubulin (1:3000; KeyGEN, China) at 4 °C with gentle shaking, overnight. Next, the membranes were incubated with secondary antibodies coupled to horseradish peroxidase (goat anti-rabbit IgG, 1:2500; KeyGEN, China) for 1 hr at room temperature. Protein was observed using the enhanced chemiluminescence method according to the manufacturer's instructions (Millipore, USA). The density of the immunoblot bands was quantified using a Bio-Rad calibrated densitometer. 
Immunofluorescent staining
After being fixed in 4% paraformaldehyde for 20 min, NPCs on poly-L-lysine-coated coverslips were blocked in a buffer with 5% bovine serum albumin and 0.1% Triton X-100 in PBS for 20 min. Then, the cells were washed three times and incubated with rabbit anti-ASIC1a (1:200, Alomone Labs, Israel) and anti-type II collagen (COL2; 1:300, Abcam, USA) at 4 °C overnight. Next, the cells were washed and incubated with secondary antibodies (Alexa Fluor 594 goat anti-rabbit, 1:1000; Invitrogen, USA) diluted in PBS for 2 hr at room temperature. Cell nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Ireland) for 15 min at room temperature and observed using a fluorescence microscope (Olympus, Japan).
ASIC1a-mediated intracellular calcium ([Ca 2+ ]i)
Intracellular calcium imaging was performed as described previously (24) . Cells were pre-treated with psalmotoxin-1 (PcTX1, 100 ng/ml; Alomone Labs, Israel), a selective blocker of ASIC1a. Cells on coverslips were washed with D-Hanks' solutions and incubated with 5 μM Fura-2-AM (Sigma, Ireland) for 30 min at room temperature. After incubation, the cells were washed with D-Hanks' solutions to remove the extracellular Fura-2-AM. The fluorescence of intracellular Fura-2-AM was quantitated using a laser scanning confocal microscope (Olympus, Japan) with excitation at 488 nm and emission at 525 nm. The recording continued when the acidic solution (pH 6.0) was added and continued for approximately 10 min. Six cells were measured each time, and the mean value of the fluorescence of each cell was calculated. The intensity of the fluorescence in individual cells was measured using the LSM 5 Image software.
Lactate dehydrogenase (LDH) release assay
Acid-induced cell death was assessed by quantitatively measuring the LDH released from membranedamaged cells. Cells were pre-treated with PcTX1. LDH release was detected in culture medium using a chromatometry assay kit (Jiancheng, China) according to the manufacturer's instructions after cells were incubated in the acidic solution for 24 hr. After the reaction, absorbance was measured at 440 nm on a spectrophotometric microplate reader. At the completion of each experiment, the maximum LDH content of each sample was obtained by incubating with 1% Triton X-100 for 20 min. The percentage of specific lysis was expressed as a ratio of LDH released/(LDH released+LDH Triton X extracted).
Detection of apoptosis and senescence by flowcytometry
Apoptosis was determined using the annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) dual-staining kit in accordance with the manufacturer's instructions (KeyGen, China). In brief, cells were washed in cold PBS and stained with 5 µl of annexinV-FITC and 5 µl of PI in 500 µl of binding buffer for 15 min in the dark at 37 °C . Stained cells were quantified by flowcytometry (FACS Caliber; BD Biosciences, USA).
Cell cycle was analyzed by flowcytometry. Cells were harvested and fixed in 70% ethanol in cold PBS overnight at 4°C. After centrifugation, cells were washed with cold PBS twice, incubated with RNase A (0.1 mg/ml) for 1 hr at 37 °C , and then stained with PI (0.1 mg/ml) for 30 min in the dark. The distribution of cells in the cell cycle was determined by flowcytometry. In addition, the percentage of cells in each phase of the cell cycle was evaluated using the ModFit software.
Statistical analysis
Statistical analysis was performed using SPSS 20.0 software. All values were expressed as mean±SD. The comparison among different groups was done using one-way analysis of variance (ANOVA) and unpaired student's t-test, multiple comparison was done using the Dunnett test. P-values less than 0.05 were considered statistically significant.
Results
Morphology and function characterization of primary cultured human NPCs
NPCs isolated from discs were polygonal, with multiple cytoplasmic processes and granular cytoplasm. Immunofluorescent analysis showed that the cytoplasm of these cells contained the COL2 protein. ACAN, another marker for human NPCs, was significantly expressed in the cytoplasm as observed by toluidine blue staining (Figures 1 A, B, C) .
Human NPCs expressed ASIC1a
In primary cultured human NPCs, ASIC1a expression was determined using immunofluorescent analysis. ASIC1a expression was quantified in NPCs from healthy (donors 1-10) IVDs and degenerated IVDs (donors [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] by Western-blot analysis. Compared to the healthy NPCs, ASIC1a expression was significantly higher in degenerated cells (P<0.01, n=10 donors) (Figures 1 E, D, F, G) .
Blockade of ASIC1a inhibited the increase of [Ca 2+ ]i induced by acidic stimulation in NPCs
The [Ca 2+ ]i in NPCs obtained from donors 21-26 was investigated using Fura-2-AM fluorescent Ca 2+ -imaging following the treatment with extracellular acid. Inhibitors of voltage-gated Ca 2+ channels and glutamate receptors were included in the treatment solutions to inhibit possible secondary activation of these channels/receptors. Ca 2+ -imaging demonstrated a significant increase in intracellular Ca 2+ in response to the acidic extracellular solution (pH 6.0) containing Ca 2+ . However, acidic incubation failed to increase [Ca 2+ ]i in the presence of PcTX1, 
Acid-induced activity of ASIC1a was involved in NPCs necrosis
The LDH release assay was used to assess the degree of acid-induced cell injury. Compared to NPCs incubated in pH 7.4, acidosis induced a significant increase in LDH release (n=6 donors, donor 21-26, P<0.01). However, the acidosis-mediated LDH release decreased with the presence of PcTX1 (n=6 donors, donor 21-26, P<0.01) (Figure 3 ).
Acid-induced activity of ASIC1a was involved in NPCs apoptosis
To determine whether extracellular acidosis is associated with NPCs apoptosis, annexin-V-FITC/PI Further Dunnett tests revealed that the differences in the rate of apoptosis between pH 7.0 and pH 7.4, between pH 6.5 and pH 7.4, and between pH 6.0 and pH 7.4 were statistically significant (P<0.01, P<0.01, P<0.01, respectively; n=6) ( Figure  4B ). To further investigate whether the acid-induced activity of ASIC1a plays a role in acidosis-mediated NPCs apoptosis, the cells were treated with PcTX1 before and during incubation in acidic conditions. Results showed that the apoptotic rate in acid-induced NPCs decreased in PcTX1 treated groups compared with the control groups (Figure 4 ). The cells in this experiment were obtained from six donors (donors 27-32) suffering IVDD.
To investigate the effect of PcTX1 on apoptosisrelated protein expression, Western-blot analysis was used to quantify the expression of Bax, Bcl-2, and cleaved caspase-3 in the cells. It was shown that acidic incubation (pH 6.0, 6.5, and 7.0) induced increased protein expression of Bax and cleaved caspase-3 and decreased protein expression of Bcl-2 compared to the pH 7.4 group. However, PcTX1 treatment decreased Bax and cleaved caspase-3 expression, and increased Bcl-2 expression compared to cells that had been treated under acidic conditions (pH 6.0, 6.5, and 7.0) ( Figure 5 ). The cells in this experiment were obtained from six donors (donors 33-38) suffering IVDD.
Acid-induced activity of ASIC1a was involved in stress-induced premature senescence of NPCs
To determine whether extracellular acidosis is associated with NPCs senescence, the cell cycle assay was used to quantify the percentage of cells that had entered the G1 phase after they were cultured in pH 6.0, 6.5, 7.0, and 7.4 for 24 hr followed by 3 days of normal DMEM-LG. In cells exposed to acidic conditions, cell cycle analysis demonstrated that the acidity had induced the cells to accumulate in the sub-G1 phase and arrest in the G2 phase. The results showed that the percentage of cells in the G1 phase significantly increased in pH 6.0, 6.5, and 7.0, compared to pH 7.4 ( Figure 6A) . A one-way ANOVA resulted in F=26.63, P<0.01 (n=6). Further Dunnett tests revealed that the differences in the senescence rate between pH 7.0 and pH 7.4, between pH 6.5 and pH 7.4 and between pH 6.0 and pH 7.4 were statistically significant (P<0.05, P<0.01, P<0.01, respectively) ( Figure 6B ). To further investigate whether the acid-induced activity of ASIC1a plays a role in acidosis-mediated NPCs senescence, the cells were treated with PcTX1 before and during incubation in acidic conditions. Results showed that the senescence rate in acid-induced NPCs decreased in PcTX1 treated groups compared with control groups (Figure 6 ). The cells in this experiment were obtained from six donors (donors 39-44) suffering IVDD.
To investigate the effect of PcTX1 on senescencerelated protein expression, Western-blot analysis was used to quantify the expression of p53, p21, and p16 in the cells. It was shown that acidic incubation (pH 6.0, 6.5, and 7.0) induced increased protein expression of p53, p21, and p16 compared to the pH 7.4 group. However, PcTX1 treatment decreased p53, p21, and p16 expression compared to cells that had been treated with acidic conditions (pH 6.0, 6.5, and 7.0) (Figure 7 ). The cells in this experiment were obtained from six donors (donors 33-38) suffering from IVDD. 
Discussion
In this study, we examined whether drugs such as PcTX1 that block ASIC1a could attenuate acidinduced injury to NPCs. We investigated the expression of ASIC1a in normal and degenerated human NPCs and the role of ASIC1a in acid-induced Ca 2+ influx and NPCs death. Three main findings are noted in this study. First, human NPCs expressed ASIC1a protein, and the expression of ASIC1a in degenerated NPCs was significantly higher than the healthy ones. Second, acid exposure activated ASIC1a in NPCs, leading to an increase of Ca 2+ influx. While the Ca 2+ influx was significantly reduced in the presence of PcTX1 or in Ca 2+ free extracellular solution. Third, acid-induced NPCs necrosis, apoptosis, and stress-induced premature senescence were inhibited by PcTX1. These findings suggest that ASIC1a may be involved in intervertebral disc degeneration, and play a role in acidosis-mediated NPCs injury.
In order to compare the expression of ASIC1a in human healthy and degenerated IVDs, ten donors (donors [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] with IVDD and another ten donors (donors 1-10) with acute spine damage but without IVDD according to the Pfirrmann scale were included. The results showed that ASIC1a expression was significantly higher in cells from degenerated disc. Thus, in the following experiments, we cultured degenerated cells (cells from donors 21-44) to investigate whether ASIC1a could regulate the survival of NPCs in the acidic environment of degenerated discs. Because of the relatively hypocellular environment in intervertebral discs and the limited amount of NP tissue, it is difficult to complete all the experiments using the NPCs from the same donor. Usually, expansion in vitro is the feasible way to obtain enough cells. But due to the special characteristics of NPCs, expansion in vitro may lead to phenotype alteration and replicative senescence (25) . Thus, we used the NPCs from different donors in different experiments. The NPCs in all the experiments were cultured in vitro no more than 2 weeks and no more than three passages.
Our study showed a significant increase of ASIC1a expression in degenerated NP. This increased expression of ASIC1a was probably due to the inflammatory response in the NP during the process of degeneration. Pro-inflammatory mediators such as IL-1 and nitric oxide (NO) could increase the expression of ASIC1a (26, 27) . IL-1 up-regulates ASIC1a mRNA expression by increasing its half-life (26) , while NO acts as a strong enhancer of ASICs, including ASIC1a, and potentiated the activity of ASIC1a (27) .
Furthermore, we found that the ASIC1a expressed in NPCs was activated in pH 6.0 by Ca 2+ -imaging analysis. This was consistent with previous findings regarding activation of ASIC1a in articular chondrocyte, endplate chondrocyte and mesenchymal stem cell (5, 20, 28) . Even a transient Ca 2+ signal overload activates a cascade of cytotoxic events, leading to a long-term activation of mitochondrial metabolism, and contributes to cell apoptosis (29) . The excessive [Ca 2+ ]i in the cell activates calcineurin, which in turn results in Bcl-2-antagonist of cell death (BAD) protein dephosphorylated to induce translocation and further induces cytochrome C release (20, 30) . The release of cytochrome C from mitochondria begins the activation of downstream caspases, leading to the activation of caspase-9 and in turn activates caspase-3. Increased [Ca 2+ ]i could also result in mitochondrial dysfunction characterized by elevated glutamine consumption, citric acid cycle flux, oxygen consumption, and reactive oxygen species (ROS) accumulation (31, 32) . Cellular Ca 2+ overload and mitochondrial function have been proposed to have a crucial role in ROS generation. Many studies have supported a causal role for mitochondrial dysfunction and ROS generation in senescent cells (32, 33) . According to the free-radical theory, ROS might be one of the main candidates responsible for stress-induced premature senescence (34) .
In this study, we found evidence of NPCs apoptosis and stress-induced premature senescence in acidic conditions mimicking degenerative intervertebral discs. Studies focused on the relationship between apoptosis and disc degeneration indicate that apoptosis plays an important role in disc degeneration and suggest that potential therapy for disc degeneration should prevent NPCs from undergoing apoptosis (35) . In addition, previous in vivo studies have shown that there was an accumulation of senescent human NPCs in degenerated discs, especially in cell clusters in herniated NP (36) . Senescent NPCs proliferated more slowly in vitro and had an altered phenotype, which was characterized by reduced extracellular matrix synthesis and enhanced catabolic metabolism (35) . The imbalance between the catabolic and anabolic processes of the extracellular matrix, especially COL2 and ACAN, was involved in IVDD. What is more, we found that acid-induced NPCs apoptosis and stressinduced premature senescence were inhibited by blocking ASIC1a. Thus, the present study suggests that blocking ASIC1a may slow down the process of intervertebral disc degeneration by the inhibition of acid-induced NPCs apoptosis and stress-induced premature senescence.
We demonstrated that NPCs respond to a reduction in extracellular pH by increasing [Ca 2+ ]i levels, which was inhibited by ASIC1a blockade with PcTX1. These findings support an essential role for ASIC1a and Ca 2+ signal in acid-induced NPCs dying. Thus, ASIC1a regulated the survival of NPCs in the acidic environment of degenerated intervertebral discs via a Ca 2+ influx-mediated mechanism. This finding is in agreement with a previous report that ASIC1a-mediated Ca 2+ influx regulates apoptosis of endplate chondrocytes in intervertebral discs (20) .
There are some limitations to the present study that must be acknowledged. First, this is a preliminary study which suggests that ASIC1a may be involved in intervertebral disc degeneration, and play a role in acidosis-mediated NPCs injury. Although this study provides a novel insight into IVD biology, further research is necessary to strengthen this topic. Secondly, there is more to inhibiting degeneration than merely stopping the cells from dying. It is recommended that in future studies, the effect of ASIC1a blockade on matrix synthesis, degradation, and other catabolic processes be examined. Third, this study examined only ASIC1a although a previous study showed that other subunits were also expressed in NPCs (18) . ASIC1a is the only subunit permeable to Ca 2+ , which is responsible for acidosis-mediated cell injury. However, another study on chondrocyte suggested that the activation of ASIC3 in acidic conditions increased the expression of the matrix within the joint tissue. Thus, in future studies, ASIC1a-mediated cell injury and ASIC3 mediated matrix production should be considered together.
Conclusion
In summary, we have demonstrated that ASIC1a activation induced the increased [Ca 2+ ]i of NPCs, which resulted in cell apoptosis and stress-induced premature senescence. Although further experiments are needed to elucidate the function of ASIC1a in vivo, the current research suggests that further understanding of ASIC1a functionality may provide not only a novel insight into IVD biology but also a novel therapeutic target for IVD degeneration.
